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Transmembrane helixWhen localized adjacent to a Pro-kink, Thr and Ser residues can form hydrogen bonds between their polar
hydroxyl group and a backbone carbonyl oxygen and thereby modulate the actual bending angle of a dis-
torted transmembrane α-helix. We have used the homo-dimeric transmembrane cytochrome b559′ to ana-
lyze the potential role of a highly conserved Ser residue for assembly and stabilization of transmembrane
proteins. Mutation of the conserved Ser residue to Ala resulted in altered heme binding properties and in in-
creased stability of the holo-protein, most likely by tolerating subtle structural rearrangements upon heme
binding. The results suggest a crucial impact of an intrahelical Ser hydrogen bond in deﬁning the structure
of a Pro-kinked transmembrane helix dimer.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The physiological function of α-helical transmembrane (TM) pro-
teins is ultimately linked to proper packing and assembly of individu-
al TM α-helices within a biological membrane. Besides interactions of
individual TM helices, folding of membrane proteins might also in-
volve binding of cofactors, which are crucial for the physiological
function of the protein. In TM b-type cytochromes, one or several
heme cofactors are non-covalently bound in the TM region of the pro-
teins, and the holo-proteins are typically involved in charge transfer
across membranes [1]. In addition to studies investigating folding of
the TM four-helix bundle protein cytochrome b6, which involves mul-
tiple steps and a sequential binding of the two heme cofactors [2–5],
assembly of the simpler cytochrome b559′ has also been analyzed.
While naturally cytochrome b559 is a heterodimer composed out of
the two subunits PsbF and PsbE, several studies have shown that
the TM region of the two subunits are highly conserved and that a cy-
tochrome b559-like protein (cytochrome b559′) assembles from just
the 44 amino acid long PsbF subunit and free heme [6,7]. Assembly
of this cytochrome involves at least two distinct steps: dimerization
of the TM domain is a prerequisite for subsequent, non-covalentversity Mainz, Department of
eg 30, 55128 Mainz, Germany.
hneider).
rights reserved.heme binding [8]. A highly conserved Pro residue, which is located
approximately in the center of the PsbF TM helix and separates a
helix dimerization domain from the heme binding domain, is essen-
tial for heme binding [6]. While Pro residues are rarely present in
α-helices of water soluble proteins and are known as “helix breakers”
[9], they are far more common in TM α-helices [10,11]. In general, Pro
residues destabilize and distort a regular α-helical structure by insert-
ing a kink into the helix [12], and thus insertion of Pro residues in an
interacting TMα-helix abrogates helix–helix interactions [13,14]. How-
ever, several studies have indicated that naturally occurring Pro-kinks
might have structural and functional importance in TM proteins, and
replacement of single Pro residues can result in dramatic physiological
effects [15–18]. When localized adjacent to a Pro-kink, Thr and Ser res-
idues can form hydrogen bonds between their polar hydroxyl group
and a backbone carbonyl oxygen and thereby modulate the actual
bending angle of the distorted helix [19,20]. However, in TM helix bun-
dles multiple interactions of neighboring helices might stabilize a given
helix kink [21], and thus the structural role of a single Pro-kink structure
can only be studied in a simpler TM structure, such as a TM helix dimer.
The homo-dimeric cytochrome b559′ protein is an excellent model for
such studies as heme binding and assembly of the holo-cytochrome
can be easily monitored spectroscopically under various experimental
conditions.
Therefore, we have used cytochrome b559′ to analyze the role of a
highly conserved Ser residue for assembly and stabilization of the
holo-protein. Ser29 is located adjacent to a kink-inducing Pro residue
Fig. 1. (A) Structural model of cytochrome b559′ based on the structure of the native cy-
tochrome b559 protein (PDB ID: 1S5L). Critical amino acids involved in heme binding
(His23), dimerization (Gly34) and helix bending (Pro28 and Ser29) are shown. The
axes of the TM helix parts are indicated.(B) The kink induced by Pro28 might be stabi-
lized by formation of a hydrogen bond involving the side-chain hydroxyl group of
Ser29 and the backbone carbonyl oxygen of Ala26.
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the kink structure. Mutation of Ser29 to Ala results in an overall stabi-
lization of the holo-cytochrome. Thus, Ser29 stabilizes the Pro-kink,
resulting in a rigid – but less accommodating – heme binding domain,
and mutation of Ser29 to Ala results in a more ﬂexible heme binding
pocket, allowing tighter heme binding, most likely by tolerating to
subtle structural rearrangements upon heme binding.
2. Material and methods
2.1. Expression and puriﬁcation of PsbF
Construction of the plasmid expressing the PsbF–MalE fusion pro-
tein is described in detail elsewhere [6]. Mutations in the psbF gene
were introduced by using the QuickChange site directed mutagenesis
kit (Stratagene) according to the manufacturers' instructions. The se-
quences of the mutated psbF genes were conﬁrmed by DNA sequenc-
ing (Euroﬁns MWG operon). Expression and puriﬁcation of the
chimeric proteins were performed as recently described [4,22] except
using phosphate buffer, pH 8.0 instead of Tris buffer. The concentra-
tion of the puriﬁed fusion protein was determined by using the BCA
protein assay kit from Pierce (Rockford). For SDS-gel analyses, 5 μg
of the puriﬁed fusion proteins in phosphate buffer with 5 mM DDM
was separated on a 14% SDS-gel [23]. Proteins were cross-linked
with 25 mM glutaraldehyde for 2 h at 25 °C.
2.2. Spectroscopic techniques
For reconstitution of cytochrome b559′, a heme solution was pre-
pared [4] and the apo-protein was mixed with heme in a ratio of
2:1, as 2 PsbF monomers bind one heme molecule. Assembly of the
holo-cytochrome was followed by UV/VIS spectroscopy using a Perkin
Elmer Lambda 35 instrument either under air-oxidizing conditions or
after reduction with 10 mM sodium dithionite. Spectra were recorded
in a range between 350 nm and 700 nm with a resolution of 0.5 nm.
Holo-cytochrome formation was monitored at temperatures ranging
from 10 to 90 °C at 5 °C intervals. To study the temperature dependence
of cytochrome variants' heme binding properties at different tempera-
tures, aliquots of the puriﬁed protein (50–100 μM) were pre-incubated
for 5 min, titrated into a heme solution (10 μM) and absorbance spectra
were recorded, all at a given temperature.
2.3. Data analysis
Given that PsbF needs to dimerize to bind heme, but since we can-
not distinguish dimerization and heme binding in our heme binding
experiments, we assume the following simple binding relationship:
2P+H P2:H, where P is the PsbF monomer and H is heme, and the
dissociation constant KD=[P]2*[H]/[P2:H]. The measured heme ab-
sorbance signal S is the weighted average of the signal of bound
heme (Sb) and free heme (Sf), leading to the following equation:
S=([P]2*Sb+KD*Sf)/(KD+[P]2). As we titrate excess PsbF into heme,
we assume that [P]free=[P]total.
We take the square root of KD (units in μM2) to obtain the appar-
ent dissociation constant KDapp (units in μM).
3. Results and discussion
3.1. A Pro-kink stabilized by Ser29
The structure of the PsbF protein is shown in Fig. 1A. A single
heme molecule is bound by His23 in between the two TM subunits
of the cytochrome, and Pro28 induces a kink in the TM region, sepa-
rating the heme binding domain of the protein (residues Val17–
Val27) from the dimerization domain (residues Ser29–Met39). Based
on the crystal structure [24], neither Ser29 nor Pro28 is involved indimerization of the protein. Interestingly, a hydroxyl-group-containing
residue (i.e. Thr or Ser) is highly conserved next to the Pro residue [6],
and the hydrogen atom of the PsbF Ser OH-group might interact with a
carbonyl oxygen of Ala26 (Fig. 1B). The calculated distance between
the Ser OH oxygen and the carbonyl oxygen is about 2.5 Å,which is high-
ly indicative for formation of a hydrogen bond. Formation of this partic-
ular hydrogen bond is only possible due to the kink introducedby the Pro
residue, and this hydrogen bond might thus modulate and stabilize a
deﬁned kink angle, and thus the structure of the heme binding domain.
3.2. Heme binding properties and stability of cytochrome b559′ S29A
As the structural analysis indicated that Ser29 is important for the
formation of the cytochrome structure, we analyzed the impact of
replacing Pro28 and Ser29 by Gly and Ser, respectively, on the PsbF
heme binding properties and monitored in vitro the formation of
holo-cytochrome b559′ by absorbance spectroscopy. As shown in
Fig. 2, after addition of free heme to the proteins, formation of the
holo-cytochrome was monitored with the wt protein as well as
with the S29A protein, as the absorbance spectra are characteristic
for cytochrome b559′ (solid lines). In contrast, no cytochrome spec-
trum was observed with the protein carrying the P28G mutation
(data not shown). Interestingly, detailed analyses of the spectra sug-
gested that the spectrum obtained with the S29A mutant might be
slightly better deﬁned than the spectrum obtained with the wt pro-
tein, when identical amounts of protein were analyzed. While the ob-
served absorbance maxima are virtually identical, the bandwidth at
half maximum of the γ-band under oxidizing conditions at 413 nm is
29.6 for the wt and 29.2 for the mutant protein. Under reducing condi-
tions, the band width at half maximum of the γ-band at 427 nm is 21.9
for the wt and 19.6 for the S29A variant. Thus, the heme environment
appears to be better deﬁned in the S29A mutant protein compared to
the wt protein. Notably, both proteins bound heme with high afﬁnity
and with a 2:1 stoichiometry (one heme per homo-dimer). This was
demonstrated by titrating protein into free heme. The obtained data
were best ﬁtted using a 2 PsbF:1 heme bindingmechanismwith a char-
acteristic sigmoidal curve (Fig. 2C). Importantly, as shown in Fig. 3, the
mutated proteins formed dimers as the wt protein when monitored by
SDS-PAGE.While the SDS-PAGE analysis shown in Fig. 3A indicates that
the P28G mutation might slightly stabilize the PsbF dimer, the cross-
linking analysis (Fig. 3B) strongly suggests that the increased intensity
of the dimer band is most likely only caused by detergent effects, as
Fig. 3. PsbF dimerization in SDS and DDM. (A) 2.5 μg puriﬁed wt and mutated PsbF fu-
sion proteins were loaded on a 10% SDS-gel directly after puriﬁcation and protein
monomers (M) were separated from stable dimers (D) by gel electrophoresis.(B)
10 μg proteins were incubated in 5 mMDDM and dimeric PsbF was cross-linked by glu-
taraldehyde prior to SDS-PAGE analyses. MS: molecular mass standard. The molecular
masses are given in kDa on the left.
Fig. 2. Spectra of oxidized (A) and reduced (B) wt (black) and S29Amutated (grey) cyto-
chrome b559′ proteins. Spectra were recorded at 25 °C (solid line) and at 90 °C (dashed
line), respectively. In (C) puriﬁed PsbF wt (closed circles) and S29A mutated (open cir-
cles) protein was titrated into a solution of free heme. Absorbance changes were best
ﬁtted using a 2 PsbF:1 heme binding mechanism with a characteristic sigmoidal curve.
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after cross-linking the proteins in DDMmicelles.
While wt and S29A mutated PsbF proteins form stable dimers and
bind heme with high afﬁnity, the spectra characteristics have indicated
that the structure of the S29A mutant might differ from the wt protein.
Thus, to study the impact of this mutation on the stability of a TM pro-
tein in more detail, we subsequently measured absorbance spectra of
the reconstituted holo-cytochrome b559′ not only at 25 °C but also at
90 °C (Fig. 2A and B, dashed lines), where the protein structure might
be destabilized. Under oxidizing conditions the absorbance maximum
of the wt protein at 413 nmmoved to lower wavelength at 90 °C com-
pared to 25 °C, and the spectrumat 90 °C actually resembled a spectrum
of a free heme. Thus, the holo-cytochrome is destabilized at higher tem-
peratures. In contrast, at 90 °C the spectrum of the S29A mutated cyto-
chrome b559′ still resembled a cytochrome b559′ spectrum, and while aslight decrease of the absorbance intensity at 413 nm was observed,
the absorbance maximum did not shift signiﬁcantly. In contrast to the
oxidizing conditions, formation of both, reduced wt and S29A mutated
cytochrome b559′, was less severely impaired at 90 °C. At high temper-
atures, the wt holo-cytochrome was destabilized, the absorbance at
around 427 nm was reduced and a shift of the absorbance maximum
of theγ-band from427 to 425 nmwas observed. However, the spectrum
of the S29Amutant did not change dramatically.While the absorbance at
427 nmwas slightly reduced at 90 °C, the absorbance maximum did not
shift to lower wavelengths. This indicates that the PsbF S29A mutant
forms a cytochrome,which ismore stabilized towards heat denaturation
compared to the wt protein under both oxidizing and reducing condi-
tions. To further analyze the thermal stability of cytochrome b559′ wt
and S29A, we measured the absorbance spectra of the wt and S29A
mutated proteins under reducing and oxidizing conditions in the tem-
perature range from 10 to 90 °C with an increment of 5 °C. The results
are summarized in Fig. 4 and the relative absorbance of the γ-band is
shown at the various temperatures. As can be seen in Fig. 4A, under
oxidizing conditions the γ-band absorbance maximum of both, wt and
S29A mutated cytochrome b559′, moved toward a spectrum of free
heme. However, the wt spectrumwas far more affected by the tempera-
ture increase, and the S29Amutant thus formed amore heat-stable cyto-
chrome. Under reducing conditions, the spectra of wt cytochrome b559′
improved with increasing temperatures up to about 50 °C and got im-
paired when the temperatures were further increased. In contrast, the
spectrum of the S29A mutated cytochrome slightly increased from 10
to 20 °C but remained stable at higher temperatures. Thus, the cyto-
chrome formed with the S29Amutated PsbF subunit appears to be ther-
mally more stable than the wt protein.
To further deﬁne the impact of the S29A mutation in more detail
we measured heme binding properties of both the wt and the mutated
protein at different temperatures in the range from 20 to 80 °C (Fig. 4).
Fig. 4. Temperature dependent absorbance spectra of cytochrome b559′monitored with
the wt (squares) and the S29A mutated PsbF protein (circles). Cytochrome b559′ was
reconstituted from puriﬁed PsbF wt and S29A proteins and incubated at the indicated
temperatures. Absorbance spectra of the cytochromes were measured under oxidizing
(A) and reducing (B) conditions. Each data point represents an independent measure-
ment. The ratio of the absorbance at the γ-band maximum of the cytochrome relative
to the γ-band maximum of free heme is shown. The relative absorbance level of free
heme under the chosen experimental conditions is 0.73 under oxidizing and 0.913
under reducing conditions.
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outlined in the Material and methods section. The results summarized
in Fig. 5 demonstrate that the S29A protein binds heme with a slightly
higher afﬁnity than thewt protein at 20 °C. In contrast to thewt protein,
with increasing temperatures the apparent KD values did not change as
dramatically for the cytochrome assembled with the S29A mutated
PsbF subunit, indicating that the S29A variant is more stable at higher
temperatures.Fig. 5. Apparent KD values determined for wt (squares) and S29A mutated cytochrome
b559′ (circles). Heme binding properties were measured at various temperatures in the
range from 20 to 80 °C. The apparent heme binding constants were determined under
oxidizing conditions, as outlined in the Material and methods section.3.3. Conclusions and implications
While disruption of the predicted Ser hydrogen bond results in
tighter heme binding as well as in an increased thermal stability of
the holo-cytochrome, the described observations were somewhat un-
expected since they indicate that in the wt protein heme binding is
not optimized. Ser residues are frequently found in close proximity
to kink-inducing Pro residues and Ser residues can stabilize a partic-
ular kink structure by hydrogen bonding [20]. The actual angle of
the distortion of the ideal (straight) α-helix caused by a Pro residue
cannot simply be deduced from the amino acid sequence and the ob-
served angles range from 1.7 to 65.2° [25]. The PsbF Pro28 residue in-
duces distortion of the ideal α-helical structure and a kink of ~20° in
the wt PsbF TM helix (Fig. 1A). This deﬁned kink structure appears to
be essential for proper binding of the heme cofactor. Replacement of
Pro28 by Gly results in a complete loss of heme binding [6], most like-
ly caused by the destruction of the Pro-kink, which is crucial for the
formation of the heme binding cavity.
The three Pro residues located in the TM regions of bacteriorho-
dopsin contribute to folding and retinal binding of bacteriorhodopsin
[26,27]. However, in contrast to this study, mutations of these Pro res-
idues have a rather small effect on the stability and function of bacte-
riorhodopsin [21], and the mutant proteins still properly assembled.
However, in polytopic membrane proteins, tertiary interactions
might additionally stabilize a given kink structure [21]. As PsbF is a
monomeric TM helix, the kink introduced by Pro28 cannot be induced
or stabilized by packing interactions, and thus Pro28 is essential for
deﬁning the heme-binding cavity and for holo-cytochrome forma-
tion. Ser29 appears to be important for restricting the kink angle
and ﬂexibility in the TM helix dimer. While the structure of the PsbF
homo-dimer allows stoichiometric binding of a heme molecule and
formation of a holo-cytochrome, the PsbF helix section, which forms
the heme binding cavity, is probably not highly ﬂexible due to the
stabilization of the helix kink structure by Ser29. Thus, the more
rigid cytochrome structure might not undergo drastic conformational
changes upon heme binding. While replacement of Pro28 abolishes
heme binding completely due to the disruption of the heme binding
cavity in the apo-cytochrome structure, mutation of Ser29 essentially
preserved the heme binding cavity and heme binding. In contrast to
the wt protein, removal of the Ser hydrogen bond might allow struc-
tural rearrangements upon/after heme binding to tighten up the
protein structure, which eventually results in a more stabilized cyto-
chrome structure, as observed in this study. While the physiological
impact of having a non-ideally stabilized cytochrome structure is
not obvious, the in vivo cytochrome b559 structure might be important
for its in vivo function and might also allow easier exchange of bound
heme molecules.
As Ser and Thr residues are frequently found in close vicinity to
Pro residues in TM helices, these residues are most likely constantly
involved in the stabilization of particular TM Pro-kinks. However, in
contrast to larger, polytopic TM proteins, such as bacteriorhodopsin,
in case of the cytochrome b559′ protein the PsbF TM helices only di-
rectly interact in their dimerization domain and the structure of the
TM helices in the heme binding domain is not inﬂuenced and/or sta-
bilized by any additional interactions. Only by using this manageable
system we could experimentally deﬁne the structural role of a single
Ser hydrogen bond on a TM Pro-kink structure.Acknowledgements
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